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Films  With  BaZr03  Nanorods  Grown  on  Vicinal 
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Abstract — When  grown  on  miscut  SrTiOs  substrates,  signif¬ 
icant  microstructural  changes  are  observed  in  BaZrOs-doped 
YBa2Cu3  07_x  thin  films  when  compared  to  those  on  non- vic¬ 
inal  substrates.  Scanning  Electron  Microscopy  indicates  a  surface 
morphology  strongly  infiuenced  by  the  vicinal  angle,  and  an  ac¬ 
cumulation  of  BaZrOs  particles  is  observed  near  the  step  edges. 
Cross-sectional  Transmission  Electron  Microscopy  reveals  that 
while  the  columnar  formations  of  BaZrOs  rods  typically  seen  on 
non- vicinal  substrates  are  present,  a  significant  increase  in  planar 
defects  in  a  10°  vicinal  film  are  observed.  The  effects  observed 
with  increasing  miscut  angle  indicate  that  the  modulated  surface 
provided  by  the  vicinal  substrate  infiuences  the  crystalline  quality 
of  the  YBCO  matrix  and  BZO  columnar  formation  through  the 
thickness  of  the  film. 

Index  Terms — BZO,  HTS,  microstructure,  vicinal  substrate, 
YBCO. 


I.  Introduction 

The  growth  of  YBa2Cu307_x  (YBCO)  thin  films  has 
been  extensively  studied  to  improve  their  epitaxial 
quality  on  coated  metallic  substrates  and  single  crystal  ceramic 
substrates  [l]-[4].  The  resultant  microstructural  quality  is 
important  as  it  can  affect  the  superconducting  properties  of 
the  YBCO  thin  films,  including  the  transition  temperature 
(Tc)  through  lattice  strain  and  the  critical  current  density  (Jc) 
with,  for  example,  the  presence  of  high  angle  grain  boundaries 
[3]-[6].  Many  of  the  growth  parameters  infiuence  the  epitaxial 
quality  of  a  thin  film,  such  as  the  mismatch  between  lattice 
parameters  of  the  substrate  and  the  deposited  material,  growth 
temperature,  and  the  substrate  surface  qualities  [7]-[ll].  But 
other  microstructural  qualities,  such  as  defect  structures  are 
also  important  as  they  play  a  significant  role  in  vortex  pinning 
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and  hence  directly  affect  the  behavior  in  an  applied  magnetic 
field  [12],  [13]. 

Many  methods  have  been  explored  to  control  the  defect 
structures  introduced  into  the  YBCO  matrix,  with  considerable 
success  achieved  in  improving  the  fiux-pinning  properties  by 
the  addition  of  second-phase  materials  such  as  Y2BaCu05, 
BaSnOs,  and  BaZrOg  [14]-[17].  Through  the  combination  of 
substrate  surface  modification  and  second-phase  material  addi¬ 
tion,  finer  control  of  structural  properties  can  be  achieved  and 
has  shown  that  superconducting  properties  are  indeed  improved 
[18],  [19].  In  this  paper,  we  make  a  preliminary  examination  of 
the  surface  morphology  and  microstructural  changes  induced 
by  depositing  BaZrOg  (BZO)  doped  YBCO  on  miscut  SrTiOs 
(STO)  substrates.  While  BZO  has  been  well  studied  as  a 
second-phase  material  for  flux  pinning,  and  has  been  shown  to 
produce  columnar  defects  aligned  generally  along  the  YBCO 
c-axis  [17],  we  show  some  evidence  of  morphological  and 
structural  changes  associated  with  the  deposition  of  thin  films 
of  these  materials  on  miscut  STO  substrates. 

II.  Experimental 

Targets  of  YBCO  with  BZO  concentrations  of  2, 4,  and  6  per¬ 
cent  (by  volume)  were  mixed,  pressed  and  sintered  from  com¬ 
mercially  available  powders.  STO  substrates  with  miscut  angles 
of  0°  (non- vicinal),  5°,  10°,  15°  and  20°  were  ultrasonically 
cleaned  and  mounted  in  the  deposition  chamber  using  colloidal 
Ag  paint.  YBCO  -f  BZO  films  of  160-240  nm  thickness  were 
deposited  by  pulsed  laser  deposition  (PLD)  using  a  KrF  excimer 
laser  ( A  =  248  nm)  at  a  pulse  rate  of  8  Hz  and  energy  density  of 
~  3.2  J/cm^.  The  films  were  grown  at  810° C  in  an  O 2  partial 
pressure  of  300  mTorr,  and  the  samples  were  cooled  to  500°  C 
in  1  atm  O2  and  held  at  this  temperature  for  30  min. 

Measurement  of  the  transport  current  densities  in  the  BZO 
doped  YBCO  films  were  made  by  four  probe  contact  in  self-field 
as  well  as  with  an  applied  magnetic  field.  Tc  of  the  samples  were 
obtained  by  resistive  measurements.  Magnetically  inferred  Jc 
as  a  function  of  applied  magnetic  field  was  also  measured  for 
the  non- vicinal  films  using  a  Vibrating  Sample  Magnetometer 
(Quantum  Design  PPMS). 

Surface  morphology  was  examined  using  an  FEI  Sirion  FEG 
high-resolution  scanning  electron  microscope  (SEM)  at  5-15 
kV.  In  order  to  observe  the  microstructural  effects  induced  in 
the  thin  film  by  the  inclined  (001)  plane  of  the  miscut  substrate, 
TEM  cross-sections  were  cut  from  the  samples  along  the  direc¬ 
tion  transverse  to  the  surface  steps.  To  control  the  orientation  of 
the  cross-sections  with  respect  to  the  vicinal  terraces,  focused 
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ion  beam  (FIB)  systems  (FEI  Nova  600  NanoLab  and  DB235) 
were  used  for  section  cutting  and  lift  out.  Cross-sectional  mi¬ 
crostructure  was  studied  using  a  Philips  CM200  (LaBe)  TEM 
operating  at  200  kV. 

III.  Results  and  Discussion 

Detailed  analyses  of  the  transport  Jc  and  resistive  Tc  mea¬ 
surements  are  shown  elsewhere  [20],  however  the  Tc  of  the 
non- vicinal  films  was  shown  to  decrease  as  the  BZO  concen¬ 
tration  was  increased  from  2  vol.%  to  6  vol.%  and  ranged  from 
89  K  to  85  K.  However,  this  decrease  in  Tc  that  is  typically 
observed  with  the  inclusion  of  second-phase  defects  has  been 
shown  to  be  less  substantial  for  the  vicinal  films  [20].  Magnetic 
Jc  values  for  the  non- vicinal  films  at  77  K  and  self-field  ranged 
from  1.6  to  1.9  MA/cm^  for  BZO  concentrations  of  2,  4  and  6 
vol.%  and  showed  enhanced  vortex  pinning  for  applied  mag¬ 
netic  fields  greater  than  1.2  T,  0.8  T,  and  2.7  T,  respectively 
(when  compared  to  pure  YBCO).  Transport  current  measure¬ 
ments  of  the  vicinal  films  showed  increased  Jc  values  for  both 
self-field  and  in  an  applied  magnetic  field  [20] . 

The  surface  morphology  of  the  BZO-doped  YBCO  films,  as 
observed  by  SEM,  for  BZO  concentrations  of  4  vol.%  and  6 
vol.%  and  vicinal  angles  of  0°,  5°,  10°  and  20°  are  shown  in 
Eig.  1.  Significant  changes  in  the  YBCO  surface  properties  are 
observable  as  the  substrate  miscut  angle  is  increased.  As  the  vic¬ 
inal  angle  increases  from  5°  to  20°,  terraces  become  increas¬ 
ingly  pronounced,  and  typical  terrace  widths  decrease  from  ap¬ 
proximately  131  nm  to  76  nm  with  respect  to  the  substrate  sur¬ 
face.  Since  the  widths  of  the  substrate  terraces  are  expected  to 
change  proportionally  with  the  cotangent  of  the  miscut  angle 
[9],  the  observed  decrease  indicates  a  consistent  trend  in  the 
widths  of  the  BZO-doped  YBCO  films. 

At  high  magnification,  contrast  on  particles  of  higher  inten¬ 
sity  can  be  seen  on  the  film  surface.  As  shown  in  Eig.  1,  the 
largest  and  most  densely  arranged  particles  tend  to  form  toward 
the  vertices  of  the  vicinal  steps.  It  has  been  previously  shown 
that  YBCO  grows  via  a  step-fiow  mode  on  vicinal  STO  [8],  and 
the  anisotropic  accumulation  of  second  phase  material  on  the 
surface  terraces  may  be  an  indication  that  preferential  forma¬ 
tion  at  the  step  edges  is  similarly  followed  by  BZO. 

Table  I  summarizes  the  average  sizes  and  densities  of  the  sur¬ 
face  particles  as  measured  from  SEM  images  at  a  higher  magni¬ 
fication.  It  demonstrates  that  increasing  the  BZO  content  from 
2  to  6  vol.%  increases  the  particle  density  by  a  factor  of  ap¬ 
proximately  1.8  on  the  non- vicinal  substrates.  However,  the  av¬ 
erage  size  of  individual  (non- agglomerated)  particles  is  slightly 
reduced  (by  a  factor  of  ~  1 .4)  when  the  BZO  content  is  increased 
from  2  to  6  vol.%.  The  apparent  discrepancy  in  the  relative  BZO 
surface  area  may  be  due  to  the  lack  of  BZO  nanorods  extending 
completely  through  the  thickness  of  the  films  and  a  greater  frac¬ 
tion  of  the  BZO  occupying  the  subsurface  volume  as  the  vic¬ 
inal  angle  increases.  This  conjecture  is  supported  by  cross-sec¬ 
tional  imaging.  The  surface  images  also  show  that  agglomera¬ 
tion  and  clustering  of  BZO  nanoparticles  into  larger  islands  be¬ 
comes  more  prominent  in  the  vicinal  films  as  the  volume  con¬ 
centration  is  increased. 

Although  they  are  not  visible  in  Eig.  1 ,  a  small  number  of  rect¬ 
angular  outgrowths,  likely  indicative  of  a-axis  oriented  grains. 


Fig.  I.  SEM  surface  images  of  the  YBCO  +  BZO  (4  and  6  vol.%)  samples 
on  STO  substrates  with  vicinal  angles  of  0°,  5°,  10°,  and  20°.  The  scale  bars 
indicate  100  nm. 


TABLE  I 

BZO  Surface  Particle  Area  Density  and  Size 


BZO  Concentration 

Avg.  Surface  Particle 

Avg.  Surface  Particle 

(vol.  %) 

Size  (nm) 

Area  Density  (cm'^) 

2 

7.1  ±  1.2 

1.21  X  10" 

4 

6.6  ±  1.0 

1.65  X  lO" 

6 

5.0  ±0.9 

2.13  X  lo" 

are  also  observable  at  lower  magnification  of  the  surface  of  the 
non- vicinal  6  vol.%  BZO  sample.  The  appearance  of  a-axis  ori¬ 
ented  grains  at  6  vol.%  may  indicate  that  the  YBCO  microstruc- 
tural  quality  is  affected  by  the  increased  dopant  concentration 
in  the  non- vicinal  films.  However,  it  is  notable  that  the  vicinal 
films  do  not  show  such  growths,  which  may  indicate  that  the 
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Fig.  2.  Bright-field  cross-sectional  TEM  image  of  a  YBCO  film  doped  with  2 
voL%  BZO  deposited  on  a  non-vicinal  (0°)  STO  substrate.  The  image  confirms 
that  columnar  BZO  rods  (arrows)  form  on  the  non-vicinal  films,  and  shows  the 
relatively  well- structured  YBCO  matrix. 


modulated  substrate  surface  provides  a  mechanism  that  allows 
for  growth  without  the  structural  defects  leading  to  these  grain 
formations.  Since  a- axis  oriented  grains  become  more  promi¬ 
nent  as  the  YBCO  film  thickness  is  increased,  this  may  sug¬ 
gest  that  the  vicinal  films  may  better  accommodate  the  growth 
of  thicker  c-axis  oriented  films.  Additionally,  the  surface  mor¬ 
phologies  shown  in  Fig.  1  clearly  show  variation  with  both  the 
increased  BZO  content  as  well  as  with  increased  vicinal  angle, 
and  imply  that  micro  structural  changes  are  occurring.  For  this 
reason,  cross-sectional  TEM  was  utilized  to  further  investigate 
the  micro  structural  modification  induced  by  the  vicinal  sub¬ 
strate. 

Figs.  2  and  3  show  initial  TEM  images  that  illustrate  some  of 
the  effects  of  the  vicinal  substrates  on  the  micro  structure  of  the 
YBCO  films  containing  2  vol.%  BZO.  The  bright-field  cross- 
sectional  TEM  image  in  Fig.  2  confirms  that  the  non-vicinal  (0°) 
samples  form  BZO  columns  of  approximately  5.2  nm  in  diam¬ 
eter  that  are  aligned  roughly  along  the  YBCO  c-axis.  This  type 
of  columnar  BZO  formation  has  been  widely  observed  in  pre¬ 
vious  studies  [17],  [21],  [22].  However,  a  significantly  different 
micro  structure  is  seen  in  Fig.  3(a),  which  shows  a  cross-sec¬ 
tional  micrograph  of  a  2  vol.%  BZO  film  grown  on  a  10°  miscut 
STO  substrate.  In  this  image  it  is  notable  that  the  occurrence  of 
planar  defects,  such  as  stacking  faults,  becomes  abundant.  It  is 
also  evident  that  the  BZO  forms  in  a  columnar  fashion,  as  on 
the  non-vicinal  substrates,  and  some  of  the  planar  defects  can 
be  seen  to  terminate  at  the  column  edges. 

Fig.  3(b)  shows  a  higher  resolution  image  of  a  BZO  column 
and  the  surrounding  YBCO  matrix.  In  this  image,  two  regions  of 
increased  contrast  that  contain  such  planar  defects  are  observ¬ 
able,  and  are  separated  by  approximately  14  nm  of  relatively 
uniform  material.  The  reduced  intensity  that  provides  contrast 
to  these  regions  when  compared  to  the  surrounding  material  is 
likely  to  indicate  increased  structural  strain,  and  the  presence 
of  dislocations  at  the  YBCO/BZO  interface  are  indeed  visible. 


Fig.  3.  Bright-field  cross-sectional  TEM  images  showing  a  YBCO  film  doped 
with  2  vol.%  BZO  grown  on  a  10°  miscut  STO  substrate,  (a)  Lower  magnifica¬ 
tion  image  showing  abundant  planar  defects  (50  nm  scale  bar),  (b)  Higher  res¬ 
olution  micrograph  with  observed  dislocations  along  the  BZO  column  marked 
(5  nm  scale  bar).  Arrows  indicate  examples  of  BZO  nanorods. 


Since  the  planar  defects  appear  to  coincide  with  the  dislocations 
at  the  YBCO/BZO  interface,  this  may  provide  evidence  that 
the  dislocations  are  inducing  effects  on  the  YBCO  microstruc¬ 
ture  over  longer  distances  than  in  the  non-vicinal  films,  which 
do  not  display  the  prevalence  of  such  planar  defects.  Since  the 
miscut  angle  has  been  shown  to  affect  the  epitaxial  quality  (de¬ 
gree  of  c-axis  orientation)  of  YBCO  films  [23],  it  should  be 
expected  that  different  miscut  angles  may  further  infiuence  the 
microstructural  properties  of  the  BZO  doped  YBCO.  For  this 
reason,  TEM  studies  on  the  other  miscut  angles  and  BZO  con¬ 
centrations  are  in  progress. 

IV.  Conclusion 

We  have  shown  that  BZO  doped  YBCO  thin  films  deposited 
on  miscut  STO  substrates  undergo  significant  morphological 
and  structural  changes  when  compared  to  films  deposited  on 
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non- vicinal  STO.  Particles  on  the  film  surface  are  observed  to 
preferentially  form  near  the  edges  of  vicinally-induced  terraces. 
Since  the  surface  energy  is  known  to  be  higher  at  steps  [8],  these 
areas  provide  favorable  nucleation  sites  for  a  deposited  material. 
As  the  clustering  of  surface  particles  indicates,  the  BZO  growth 
within  the  YBCO  matrix  also  appears  to  favor  these  positions 
of  higher  surface  energy. 

Additionally,  TEM  cross-sectional  images  indicate  that  sig¬ 
nificantly  more  extended  planar  defects  are  observed  in  films 
deposited  on  10°  miscut  substrates  when  compared  to  the  same 
film  on  a  non- vicinal  substrate.  Further  examination  indicates 
the  presence  of  dislocations  at  the  YBCO/BZO  interface  within 
the  vicinity  of  the  planar  defects,  which  may  imply  that  the  ex¬ 
tent  of  their  structural  effects  is  increased  by  the  miscut  sub¬ 
strate. 

Since  the  surface  morphology  shows  considerable  variation 
with  the  increased  substrate  miscut  angle  and  with  BZO  con¬ 
centration,  and  since  the  miscut  angle  is  known  to  influence  the 
epitaxial  quality  [8],  studies  are  in  progress  to  investigate  the  ef¬ 
fects  of  these  parameters  on  the  BZO  formation  and  the  effects 
on  the  YBCO  microstructure  and  superconducting  properties. 
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